Abstract. The Philadelphia (Ph) chromosome, which occurs as a result of a translocation between chromosomes 9 and 22, generates a Bcr-aBl fusion oncogene in leukaemia cells. The Bcr-aBl fusion protein has constitutive tyrosine kinase activity. The development of imatinib mesylate (STi571, Gleevec ® ), a potent and selective Bcr-aBl tyrosine kinase inhibitor, represents an important advance in cancer therapy. However, inherent mechanisms confer resistance to imatinib mesylate in some leukaemia patients. in order to identify the genes potentially related to these resistance mechanisms, we examined genes differentially expressed in Bcr-aBl-positive cell lines resistant to imatinib mesylate. a comparison of global gene expression using the HG-u133 2.0 plus Gene chip array was first performed. Twenty-three genes were shown to be overexpressed in an imatinib-resistant cell line. among these, RUNX1T1 was shown to be overexpressed in another resistant cell line and in patients resistant to imatinib mesylate. This suggests that RUNX1T1 is a putative candidate for the further study of imatinib mesylate resistance.
Introduction
Bcr-aBl is a chimeric oncoprotein generated by reciprocal translocation between chromosomes 9 and 22 that is implicated in the pathogenesis of Philadelphia (Ph)-positive human leukaemias (1) . The Bcr-aBl fusion protein is located in the cytoplasm and has constitutive tyrosine kinase activity (2, 3) . This protein activates multiple signal transduction pathways, including raS/raf/MaPK, JaK/STaT and Pi3K/akt (4, 5) . These events cause excessive cellular proliferation, prevent apoptosis and decrease cellular adhesion (6) (7) (8) .
The enhanced tyrosine kinase activity of Bcr-aBl is essential to leukaemia cells. it is present in 95% of patients with chronic myeloid leukaemia (cMl), 0.7% of patients with acute myeloid leukaemia (aMl) and 20% of patients with acute lymphoblastic leukaemia (all). These data demonstrate that Bcr-aBl expression plays a key role in leukemogenesis and provides an appropriate and specific target for therapeutic intervention (9) .
imatinib mesylate (iM; STi571, Gleevec) is a 2-phenylaminipyrimidine-tyrosine kinase inhibitor with specific activity for aBl, PdGFr and the c-Kit receptor (10, 11) . iM binds to the aTP-binding site of the Bcr-aBl tyrosine kinase, preventing tyrosine autophosphorylation and, in turn, phosphorylation of its substrate (12, 13) . This process results in the deactivation of downstream signalling pathways (14) . although haematological and cytogenetic remissions occur in most patients undergoing iM therapy, a small percentage of patients relapse upon iM treatment. imatinib resistance mechanisms have been characterised, and resistance is classified as BCR-ABLdependent or Bcr-aBl-independent. Bcr-aBl-dependent resistance is attributed to mutations in the Bcr-aBl tyrosine kinase domain or to the overexpression of Bcr-aBl (15) . Bcr-aBl-independent resistance is less understood, though it is related to processes independent of Bcr-aBl, such as the up-regulation of drug efflux pumps (16) , LYN overexpression (17) and nF-κB activation (18) . However, these alterations do not account for all cases of iM resistance.
Over the last five years, studies have attempted to identify the genes potentially correlated with iM resistance in cMl using microarray assays to compare responsive and resistant cell lines and patients (15, (19) (20) (21) . The results of the analyses present important variations among different cells or gene sets, and suggest that differentially expressed genes correlated with iM resistance are involved in several signalling pathways. Thus, the activation of certain pathways could be another mechanism of resistance (19) (20) (21) .
In this study, we identified genes differentially expressed between Bcr-aBl-positive cell lines resistant to iM and their iM-responsive counterparts. Global gene expression was compared in iM-resistant and iM-responsive MBa cell lines (22) using the HG-u133 2.0 plus Gene chip array. according to our criteria, genes were overexpressed in MBa iM-resistant cells. one of these genes, RUNX1T1, also showed increased expression in K562 iM-resistant cell lines and in imatinib nonresponder cMl patients. These results suggest that RUNX1T1 may be related to iM resistance in Bcr-aBl-positive cells.
Materials and methods
Cell culture and IM treatment. Mo7e, MBa and K562 cell lines were grown and maintained in rPMi-1640 medium supplemented with 15% fetal bovine serum, 2 mM l-glutamine, 10 u/ml penicillin and 10 mg/ml streptomycin. The Mo7e culture was supplemented with 5 ng/ml recombinant Human Granulocyte/Macrophage-colony Stimulating Factor (GM-cSF, invitrogen). imatinib mesylate (novartis) was prepared in dimethyl sulfoxide (dMSo, Merck). The aMl cell lines, Mo7e human megakaryocytic and Mo7e-p210 Bcr/aBl + (MBa), were kindly provided by dr John e. dick (university of Toronto, Toronto, ontario, canada).
Establishment of IM-resistant cell lines.
The K562 and MBa cell lines were cultured and passaged every 72 h, with continuous exposure to iM at concentrations that were increased every week in stepwise increments of 100 nM from 0.1 to 1 μM. cellular proliferation was assessed by the trypan blue exclusion assay. iM-resistant cells were maintained under the continuous selection pressure of iM. The morphology and proliferation levels of resistant cell lines were compared to those of the parental cells. The establishment of iM resistance in cells was performed as described by Melo and chuah (15) and nimmanapalli et al (23) . The Mo7e cell line was also cultivated in medium supplemented with 1 μM iM and used as a Bcr-aBl-negative control in the Q-Pcr assay.
Bone marrow samples. Bone marrow aspirates were obtained from two male donors (mean age 34.5 years, range 32-37) and 5 cMl patients (mean age 32.4 years, range 31-59; male to female ratio, 4:1). Two patients were classified as having a complete cytogenetic response (iM-responsive), and three patients presented cytogenetic and molecular resistance (iM-resistant). informed consent was obtained according to the local ethics committee guidelines. all samples were obtained at the instituto nacional de câncer (rio de Janeiro, Brazil). diagnoses and follow-ups were based on haematologic, cytogenetic and molecular assays. Bone marrow mononuclear cells were isolated from 2 ml aspirates in a Ficoll-Hypaque density gradient. cells were washed three times in phosphate-buffered saline (PBS) and subsequently used for rna extraction.
Microarray data analysis. Total rna from MBa and MBa iM-resistant cell lines was obtained using Trizol reagent (invitrogen) according to the manufacturer's instructions. Total rna (1 μg) was reverse transcribed with Superscript iii reverse Transcriptase ® (invitrogen), and the synthesised crna was biotinylated using the one cycle Kit (Qiagen, Germantown, Md, uSa). The biotinylated crna was then hybridised to HG-u133 2.0 plus Gene chip array (affymetrix, Santa clara, ca, uSa), washed and stained according to the manufacturer's protocol (Qiagen). The gene chip arrays were scanned using Genechip ® Scanner 3000. analysis was conducted using Genechip operating Software (GcoS; affymetrix). data were analysed using arrayStar ® v2.0 Gene expression analysis Software (dnaSTar; www. dnastar.com), with 10-fold changes used as criteria to define overexpression.
Quantitative PCR. all quantitative Pcr (Q-Pcr) analyses were performed with 1 μg of mrna and were reverse transcribed using Superscript iii reverse Transcriptase (invitrogen). Quantitative determination of mrna levels was performed using Power SYBR Green PCR Master Mix ® (applied Biosystems, Foster city, ca, uSa) in an aBi PriSM 7000 thermocycler (applied Biosystems) with 45 cycles of 15 sec at 95 º c and 1 min at 60 º c. expression levels were estimated in triplicate, and β-actin was used as an internal control. The standard curve, generated by serial dilutions, and the dissociation curve were used to determine the PCR efficiency and specific amplification. The determination of fold-expression was calculated using the 2 -(∆∆Ct) method. The following primers were used: TAOK1 F: 5'-cGGcTcaaGGaGGaacaGacc-3', r: 5'-ccTGTGcTTcaTccaaacGc-3'; ACSS1 F: 5'-GcTG TGccTGaTGaGaTccTG-3', r: 5'-TaGTGTcTcccaGcT ccTG-3'; LRRIFP1 F: 5'-GcTGGcTGaaTcTaGGcGG-3', r: 5'-GccTccTTGacTTcaGcaaac-3'; RUNX1T1 F: 5'-cGGaGGacGcacTGGcaG-3', r: 5'-GGTTTcacTcG cTTTacGGcc-3'; SHANK2 F: 5'-aGccaaGTccGccaG cc-3', r: 5'-GcGaacaGTGaaGGTGaccG-3'; TP53BP1 F: 5'-GcaGaacTTccTGGaGcTcTG-3', r: 5'-cTTcaG cacacTTcaGcaccG-3'; ACTNB F: 5'-accTGaGaac TccacTacccT-3', r: 5'-GGTcccacccaTGTTccaG-3'; BCR-ABL breakpoint F: 5'-GTGcaGaGTGGaGGGaGa acaTc-3', r: 5'-GGcTcacaccaTTccccaTTGT-3'.
Results

IM-resistant cell lines overexpress BCR-ABL transcripts.
K562-and MBa-resistant cell lines (K562-r and MBa-r, respectively) exhibited a similar morphology and proliferation ratio in comparison to their parental cell lines (data not shown). in the presence of 1 μM imatinib mesylate, the proliferation of K562-r and MBa-r was not inhibited. However, at 24 h the parental cells were significantly inhibited by 1 μM iM (ic 50 ).
Bcr-aBl overexpression has been characterised as a mechanism of iM resistance (5). To verify whether our resistant cell lines overexpressed Bcr-aBl, we performed Q-Pcr to assess the Bcr-aBl mrna levels. The results showed that Bcr-aBl was overexpressed 7-fold in K562-r and 10-fold in MBa-r cells (Fig. 1) . This suggests that the K562-r and MBa-r cell lines exhibit a Bcr-aBl-dependent mechanism of resistance.
Differential global expression of MBA IM-resistant cells compared to MBA control cells.
To determine the global patterns of gene expression in the MBa and MBa iM-resistant cell lines, we used the affymetrix microarray technique. Total mrna was extracted from MBa and MBa iM-resistant cell lines and was amplified, labelled and hybridised to the affymetrix chip HG u133 2.0 plus. after normalisation and analysis of the microarray data using arrayStar v2.0 Gene expression analysis Software, several genes were determined to be under-or overexpressed in the iM-resistant MBa cells. The selected genes were further analysed using the niH gene annotation software daVid (http://david.abcc.ncifcrf. gov/) to identify their functional classification. Using a cutoff of a 5-fold change in expression, we found 6016 downregulated and 342 up-regulated genes in iM-resistant MBa cells compared to control MBa cells. This indicated a global down-regulation of gene expression. among the 342 upregulated genes, 23 showed at least a 10-fold increase, and were selected for further analysis (Table i) .
Overexpressed genes in IM-resistant BCR-ABL-positive cell lines.
To further investigate the overexpression of various genes in the Bcr-aBl-resistant cell lines, Q-Pcr was performed on MBa-r and K562-r cells compared to control MBa and K562 cell lines. The genes selected for analysis were TAOK1, TP53BP1, SHANK2, RUNX1T1, LRRIFP1 and ACSS1. Mo7e cells were used as a negative control.
in the MBa-r cells, the genes tested exhibited increased mRNA levels, which confirmed the data from the chip array experiment (Fig. 2) . in addition, mrna levels were not altered in the Bcl-aBl negative cell line, Mo7e (data not shown).
However, only one gene, RUNX1T1, was overexpressed in the K562-r cell line in comparison to the K562 cells (Fig. 2) , suggesting that this gene might be directly affected in relation to a Bcr-aBl cellular background. The mrna levels of TP53BP1, TAOK1, SHANK2, ACSS1 and LRRIFP1 were not significantly altered in the K562-R cells (Fig. 2) .
RUNX1T1 is overexpressed in IM-resistant patients.
Various genes that are differentially expressed between iM-responders and non-responders with cMl have already been described (21, 23, 25, 26) . To date, none of these genes have been shown to be differentially expressed with 100% consistency. We demonstrated that RUNX1T1 was >10-fold up-regulated in our IM-resistant cell lines. In order to confirm the possible role of RUNX1T1 in iM resistance, we performed Q-Pcr using samples from iM-responsive and iM-resistant patients. cells from healthy donors were used as the control. The resistant patients all had high levels of Bcr-aBl expression (data not shown). RUNX1T1 Figure 1 . Bcr-aBl is overexpressed in MBa-r and K562-r cell lines. Total rna was isolated from resistant and control (without treatment) cell lines and examined by Q-Pcr to determine changes in mrna expression after normalization to β-actin expression levels. analyses of Bcr-aBl fold changes were performed in the MBa and K562 cell lines. data are presented as a fold induction relative to the control group. Mean ± Sd (n=3). Relative BCR-ABL mRNA levels was also overexpressed in iM-resistant patients (Fig. 3) . The iM-resistant patients had high levels of RUNX1T1, whereas the iM-responsive patients had unaltered levels of this gene.
Discussion
one of the major problems currently confronting iM treatment is the acquisition of resistance. numerous previous studies have attempted to determine the mechanisms involved in iM resistance using high throughput methodologies. Proteomic and transcriptomic techniques have been applied to investigate molecular alterations related to iM resistance. Several groups have compared the sensitivity of various iM-resistant cell lines, such as K562, laMa84 and Kcl22, to identify the genes related to resistance. Collectively, these studies have identified 41 genes that were up-regulated and 63 genes that were downregulated in iM-resistant cell lines (21, (23) (24) (25) (26) (27) . However, none of these findings have been confirmed; no genes identified as being differentially expressed in response to iM resistance have been identified in common in the distinct resistant cell lines. Thus, the identification of molecular differences associated with drug resistance remains a challenge. The present study used affymetrix microarray analysis, which allowed for the analysis of more transcripts (~47,000) than previous studies. We compared an MBa cell line with its IM-resistant counterpart and identified several differentially expressed genes, then focused on the overexpressed genes present in the MBa iM-resistant line. Twenty-three genes were overexpressed at least 10-fold. Q-Pcr was used to validate the overexpression of TAOK1, TP53BP1, SHANK2, RUNX1T1, LRRIFP1 and ACSS1. We demonstrated that all these genes were overexpressed in the MBA-R cell line, and confirmed the results of the chip array experiment.
To verify if these genes were overexpressed in other iM-resistant cell lines, we used a K562 iM-resistant cell line in Q-Pcr assays. The results demonstrated that RUNX1T1 was overexpressed in both resistant cell lines, suggesting that it may be related to IM resistance. To confirm these results, we performed Q-Pcr on total rna from patients who were responsive or resistant to iM treatment. RUNX1T1 was also shown to be increased in iM non-responder cMl patients. We demonstrated that this gene was overexpressed in iM-resistant MBa cell lines, iM-resistant K562 cell lines and iM-resistant Figure 2 . imatinib mesylate promotes the up-regulation of genes in the MBa-r and K562-r cell lines. Total rna was isolated from resistant and control (without treatment) cell lines and examined by Q-Pcr to determine changes in mrna expression levels after normalization to β-actin expression. analyses of lrriFP1, TP53BP1, runX1T1, TaoK1, SHanK and acSS1 fold changes were performed in the MBa and K562 cell lines. data are presented as a fold induction relative to the control group. Mean ± Sd (n=3). Figure 3 . RUNX1T1 is overexpressed in chronic myeloid leukaemia (cMl) imatinib mesylate (iM)-resistant patients. Total rna was isolated from bone marrow donors and cMl patients iM-responsive and iM-resistant). This mrna was used in quantitative real-time Pcr to determine changes in RUNX1T1 expression levels after normalization to β-actin expression. data are presented as a fold induction relative to the control group. Mean ± Sd (n=3).
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patients. RUNX1T1 is a co-repressor gene involved in gene regulation, and represents a putative candidate for further study of iM resistance mechanisms. RUNX1T1, also known as ETO and MTG8, has frequently been reported as a fusion partner of aMl1 in leukaemias carrying the translocation (8,21), which results in the AML1-RUNX1T1 hybrid gene (28, 29) . although RUNX1T1 is commonly found fused to aMl1, neither our cell lines nor our patients showed an AML1-RUNX1T1 translocation, suggesting that RUNX1T1 expression occurs independently of AML1.
RUNX1T1 belongs to a family of conserved nuclear proteins whose members can be found from Drosophila to humans (30) . it contains four evolutionarily conserved functional domains called nervy homology regions (nHrs). nHr2 has been described as important for homodimerization and proteinprotein interaction with other co-repressors (30) . although RUNX1T1 does not directly bind to dna, it does function in transcriptional repression as a member of a multi-protein core repressor complex associated with a promoter. This corepressor complex, which includes n-cor, Sin3 and SMrT, recruits histone deacetylases and thus leads to the formation of a deacetylation complex. This complex then catalyses histone deacetylation and produces a repressive chromatin structure (28, 31) .
in conclusion, we demonstrated that RUNX1T1 was overexpressed in iM-resistant cell lines and iM-resistant patients. However, further studies need to be performed in order to clarify the association between the overexpression of RUNX1T1 and iM resistance.
